Fractionation of phosphorus was carried out ; organic P, calcium P, aluminum P, iron P and residual P were determined in sediments of Lake Inbanuma, a eutrophic lake, and the Shinkawa River, an organic polluted river entering the lake. Large differences between the lake and the river were observed in both the concentration and percentage of fractionated P in the surface sediments. The enrichment in aluminum P and iron P observed in the river surface sediments seemed to result from domestic sewage entering the river. Changes of fractionated P in the surface sediments with the water flow from the river to the lake corresponded to those in the overlying water. From these correspondences the sedimentation process of P and the possibility of P release from the sediment into the overlying water were considered. Vertical profiles of fractionated P indicated a recent marked increase of P loading which is attributed to domestic sewage entering the river.
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Introduction
In order to predict the dynamics of P release in sediment into overlying water, investigations on the rate and extent of P release (Li et al., 1972 ; Kuo and LOTSE, 1974 ; FILLOS and SWANSON, 1975) , and simulation models of lake P including P release (IMBODEN et al., 1974) , have been made. Although information on the existing form of P in sediment seems to be important for predicting P release more exactly, little information is available on the structure or the state of P in sediment.
The fractionation method of P in terrestrial soils has been applied to lake sediments (FRINK, 1967 (FRINK, , 1969 HARTER, 1968 ; WILLIAMS et al., 1971a WILLIAMS et al., , 1971b WILLIAMS et al., , 1971c in order to clarify the structure of P in sediment, as well as the investigation of P in sediment in various sized fractions (HWANG et al., 1975) . In these investigations the relationships between fractionated P in sediment and that in overlying water were not discussed. The purpose of this study was to determine the existing form of P in sediment of Lake Inbanuma and the Shinkawa River. The paper also reports on the relationships between the existing form of P in the sediment and that in the overlying water, and it discusses the sedimentation and release processes of P in the lake and the river.
Materials and Methods

Samples
The sediment cores were taken from Lake Inbanuma, a shallow eutrophic lake located in the northern part of Chiba Prefecture, Japan, and the Shinkawa River, a drainage channel entering the lake, on February 14, 1977 with a 4cm diameter core sampler (Fig. 1) . The lake area and its catchment area are 13.1 and 543.9 km2, respectively. The water depth in the lake of Phosphorus in Sediments of Eutrophic Lake and River and the river is about 2 m. Along with urbanization of the catchment area in recent years, domestic sewage entering the Shinkawa River has increased the rate of eutrophication in the lake (YARITA et al., 1976) . The Shinkawa River, highly polluted by domestic sewage, flows very slowly (<0.1m/s) resulting in large amounts of algal growth in the river as well as in the lake.
The presence of rooted aquatic macrophytes is also observed in the lake.
The core samples were divided by 5 or 10 cm to a depth of 40 or 50 cm and dried at 105° C and ground.
Analytical procedure
Total P (TP) of the sediments was determined by the hydrogen peroxide method (HARwooD et al., 1969b) adding enough reagents to digest entirely organic matters. Organic P (OP) was determined by the difference between inorganic and total P in acid and alkali extracts (PEARSON, 1940) . The contents of the flask were diluted to 200 ml with distilled water. Orthophosphate phosphorus (PO4-P) in the extract was determined.
Aluminum P (A1-P) : After the extraction of Ca-P the rest of the sample was extracted with 100 ml of 1N NH4F (pH 7. 0) for 1 hour on a shaking machine.
The suspension was centrifuged and PO4-P in the supernatant was determined.
Iron P (Fe-P) : The sample saved after the extraction of Al-P was washed twice with 50 ml of saturated NaC1 solution.
The suspension was centrifuged and the supernatant was discarded. The sample was then extracted with 100 ml of 0.1N NaOH for 17 hours by a magnetic stirrer. The suspension was filtered and PO4-P in the filtrate was determined. Residual P was estimated by the difference between TP and the sum of OP, Ca-P, Al-P and Fe-P.
One or two gram of dry sediment was used for each determination.
PO4-P in the extracts was determined colorimetrically by the ascorbic acid method of HARWOOD et al. (1969a) except in the Ca-P determination by the chlorostannous-reduced method.
The relative standard deviations for these determinations ranged form 1% to 6%.
3. Results and Discussion
Existing form of P in the surface sediments
The summarized data for the fractionation of P in sediments of Lake Inbanuma and the Shinkawa River (Table 1) exhibit large local variations in concentrations of total and fractionated P. The amounts of fractionated P in the surface (0-5 cm) sediments are shown in Fig. 2 , which indicates that TP in the surface sediments ranging from 1.00 to 6.09 mg/g decreased markedly from Station 4 in the river to Station 2 in the lake, and then gradually to Station 1. Changes in the existing form of P were also observed. OP ranged from 0.19 to 0.44 mg/g and it showed but a small difference between the lake sediments and the river sediments.
Ca-P, Al-P and Fe-P ranging from 0.03 to 0.41 mg/g, 0.18 to 2.37 mg/g and 0.26 to 2.48 mg/g, respectively decreased with the water flow. Residual P ranged from 0.26 to 0.40 mg/g. Differences between the lake and the river sediments were large in Ca-P, Al-P and Fe-P and small in residual P.
Percentages of the fractionated P to TP From these results it is evident that the surface sediments in the Shinkawa River were enriched with inorganic P, especially Al-P and Fe-P. Although CHANG and JACKSON (1957) proposed the fractionation method of inorganic P from the extractability of pure phosphate compounds, which was modified by SEKIYA (1973) , the question has been raised whether the fractionated P in the extracts actually shows Al-, Fe-and Cabound P. According to WILLIAMS et al. (1971c) , NH4F reagents cannot be used to distinguish reliably between Al-and Febound forms of inorganic P in lake sediments. It therefore appears that Al-P and Fe-P in this investigation do not refer to Al-and Fe-bound forms of P precisely. However, by analogy with the fractions of WILLIAMS et al. (1971h, 1971c , it seems possible that P extracted by NH4F and NaOH, which refers to Al-P and Fe-P in this investigation, consists of the nonoccluded inorganic P fraction which is mainly adsorbed on Fe-or Al-containing components. 2. Comparison of existing form of P in sediment with that in water Some characteristics of water in the sampling locations are shown in Table 2 ( NAKAJIMA et al., 1978) , in which the data indicate that the water of the Shinkawa River is highly polluted in organic matter and nutrients.
The amounts of P in water and the percentages of each fraction to total P (NAKAJIMA et al., 1978) which also exhibited large local variations are shown in Fig. 3 . Total P in water ranged from 0.07 to 0.69 mg/l and changed with the water flow as well as TP in the surface sediments (Fig. 2) . Differences between the lake and the river water were small in particulate P and dissolved organic P (DOP) and were large in PO4-P concentration.
Percentages of particulate P, DOP and PO4-P to total P were approximately 50, 40 and 10%, respectively in the lake water , and 30, 10 and 60% in the river water. These changes in the existing form of P in water indicates the supply of P from domestic sewage, which enters the river near Station 4 and comprises large amounts of PO4-P. The decrease of total P with the water flow may be due to sedimentation of P and dilution by the lake water, and the change in the percentage of fractionated P would be due to an uptake of PO4-P by phytoplankton.
By comparison of Fig. 3 with Fig. 2 , it is apparent that the change of PO4-P in the water corresponded to that of Al-P or Fe-P in the surface sediments, while the changes of particulate P and DOP in the water corresponded to those of OP and residual P in the surface sediments. These relationships evidently show that the enrichment of Al-P and Fe-P in the surface sediments of the Shinkawa River resulting from PO4-P, mainly derived from domestic sewage entering the river. In addition, it is likely that the origins of OP and residual P in the surface sediments were particulate P or DOP in the overlying water.
It is possible to consider the sedimentation process of P in Lake Inbanuma and Shinkawa River from the relationship between the changes in the existing form of P in the overlying water and those in the surface sediments.
By analogy with unfertilized terrestrial soils, WILLIAMS et al.
(1971b) classified P in sediment into four Each category may account for the sedimentation process of P from water to sediments.
Nonoccluded P seems to result from orthophosphate in water, which sorbed on the surface of particles and settled to the surface sediments.
In the Shinkawa River the high concentration of PO4-P observed in water and nonoccluded P in the surface sediments suggests that the main sedimentation process of P is adsorption of PO4-P on particles, especially containing Al or Fe components such as ferric phosphate coagulated with ferric hydroxide (STUMM and MORGAN, 1970 ; GOLTERMAN, 1973) .
On the other hand, particulate P and DOP predominated in the lake water.
Thus, it seems likely that physical settling of particulate P and/or chemical precipitation of DOP play an important role in the lake sedimentation process. The main form of particulate P in Lake Inbanuma is phytoplankton, which consists of not only organic P but also inorganic P, especially polyphosphate (HOOPER, 1973) . 3. P release from sediment It has been shown that nonoccluded P enriched in the Shinkawa River influenced largely by domestic sewage. Nonoccluded P exhibited a high exchangeability which has important implications for the interaction of sediment P with overlying water (Li et al., 1972 (Li et al., , 1973 . It is well known that release of P from sediment into overlying water occurs when the reduction of ferric iron to ferrous iron and sulfate sulfur to sulfide sulfur occur under anaerobic conditions (MORTIMER, 1971 ; SUGAWARA et al., 1957 In the lake, on the contrary, the proportion of nonoccluded P is low, while organic and residual P are high as compared with that in the river. These P fractions are not easily released, compared with nonoccluded P. In addition, the redox potential in the lake sediments is high and the amount of sulfide is small (Table  3) ; therefore the amount of P released is probably smaller in the lake than in the river.
Vertical profiles of fractionated P
The vertical profiles of fractionated P in Lake Inbanuma (Station 1) and the Shinkawa River (Station 3) sediments are shown in Fig. 4 
